INTRODUCTION
Most biological nutrient removal (BNR) wastewater treatment plants are required by permit to significantly reduce total nitrogen (TN) and total phosphorus (TP). In Florida, advanced wastewater treatment (AWT) permit limits are as stringent as 3 mg/L TN and 1 mg/L TP as annual average or maximum month values. Consistently meeting low nutrient permit limits presents several operational challenges. Optimizing removal of TN and TP requires an understanding of where these compounds originate, their concentrations, the processes designed to reduce them, and the interaction of components within the process and treatment facility.
OVERVIEW OF BNR
The engineered processes that reduce total nitrogen and phosphorus are similar and typically occur within the same reactors. Steps that can achieve success for one type of reduction can counteract the success of the other. Having an awareness of the influences and understanding how to apply them to daily facility operations is essential for success.
BNR occurs in various reactors with anaerobic, anoxic, or aerobic environments to reduce the TN and TP. These reactors can be arranged in various sequences to provide the necessary biological reactions for BNR. Many Florida AWT plants use the modified, or five-stage, Bardenpho process, which consists of the sequence of anaerobic, first anoxic, aerobic, second anoxic, and reaeration zones with an internal recycle from the aerobic to first anoxic zone.
Anaerobic zones provide an environment free of oxygen and oxidized nitrogen to encourage the growth of phosphorus accumulating organisms (PAOs) for enhanced biological phosphorus removal (EBPR). Under anaerobic conditions, the PAOs take up volatile fatty acids (VFAs) -primarily acetic and propionic acids -and release phosphorus, which is then taken up in subsequent aeration zones and removed from the system in the waste activated sludge (WAS). Performance of the anaerobic zone can be affected by insufficient VFAs, recycle of dissolved oxygen (DO) within the return activated sludge (RAS), recycle of excessive phosphorus from sludge handling, and the presence of glycogen accumulating organisms (GAOs) in the mixed liquor.
The first anoxic zone functions as the main denitrification zone. The RAS and internal recycle streams bring nitrate from the aerobic zone into contact with the influent biochemical oxygen demand (BOD). Heterotrophic bacteria convert the nitrate to nitrogen gas and consume a portion of the influent BOD in the process. Some PAOs are also capable of denitrification. Problems with the first anoxic zone of the biological treatment process can stem from insufficient anoxic volume, poor mixing, insufficient carbon, insufficient nitrate recycle, and excessive DO within the recycle stream or surface entrainment. While not a direct cause of insufficient nitrate reduction, a single complete-mix first anoxic reactor will provide less nitrate removal than a series of complete-mix reactors.
Aerobic zones provide the detention time and oxygen transfer required for oxidation of the influent organic compounds, nitrification, and phosphorus uptake. The PAOs uptake the phosphorus released in the anaerobic zone, autotrophic bacteria convert the influent ammonia to nitrate, and heterotrophic bacteria oxidize BOD.
To meet stringent effluent nutrient requirements, like Florida AWT standards, additional anoxic and aerobic zones are usually included in sequence after the primary anoxic and aerobic zones, as in a five-stage Bardenpho process. The Modified Ludzack-Ettinger configuration (the first anoxic-aeration sequence with mixed liquor recycle from the downstream aerobic zone) that forms the core of the Bardenpho process cannot remove sufficient nitrate to enable a plant to produce an effluent with TN concentrations less than about 8 mg/L. In the absence of sufficient simultaneous nitrification and denitrification (SNDN) in the main aerobic zone, some type of nitrate removal after the aerobic zone is needed to meet a 3 mg/L TN limit. In the Bardenpho process, this post-aeration denitrification is provided in the second anoxic zone. However, the second anoxic zone performance can be compromised by excessive DO from the aerobic zone, excessively long SRTs, and large reactor volumes leading to secondary release of phosphorus or hydrolysis of organic nitrogen to ammonia.
The reaeration zone is the final step of the Bardenpho process where any nitrogen gas formed in the second anoxic zone is stripped from the mixed liquor, ammonia released in the second anoxic zone is nitrified, and the mixed liquor is oxygenated.
CHALLENGES TO BNR
Some of the common operating challenges identified in BNR facilities include solids retention time (SRT) control, DO control, carbon deficiencies, PAO competition, side stream management, delayed maintenance, and data collection of parameters for monitoring and control. Evaluation strategies include review of the historical performance of the facility, status of the operating systems including mixing, aeration, mixed liquor recycle, and return sludge, and the operating protocols. Simple checks include mass balances, nutrient profiles, carbon to nutrient ratios, and sampling procedures.
Solids Retention Time
The SRT is the average length of time that the solids remain in the system. The SRT is a critical operational parameter because it not only affects the process performance, but also controls the physical and biological characteristics of the solids. Obtaining an accurate measurement of the SRT in a wastewater treatment plant can be challenging because accurately estimating the mass of WAS is difficult. This can be further complicated if the WAS flow is not measured and totalized accurately. For example, if the RAS concentration varies diurnally throughout the day, as shown in Figure 1 , and if solids measurements are collected at 11 am every day, the average condition of the day is not captured. This can lead to discrepancies in the SRT calculation. Using the example curve in Figure 1 , the actual SRT is 15 percent higher than the measured SRT if the samples for the RAS TSS are taken at 11 am rather than at the daily average flow condition.
Figure 1 Diurnal Variation in RAS Concentration
There are other disadvantages of using a steady-state SRT calculation for non-steady-state systems (Vaccari, et al. 1985) . The sludge age calculated can change instantaneously with the adjustment of wasting rates. In addition, the sludge production can change with influent loading. This is not taken into account using a constant wasting rate. When the influent loading is highly variable and process control could benefit from a more dynamic calculation of SRT. Dynamic SRT calculations are one improvement on the traditional SRT calculation. Takacs, et al. (2008) recommend a straightforward approach for dynamic SRT calculation.
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Where M is the mass of solids in the system and F P is the sludge produced in the activated sludge process (true sludge production). At steady-state conditions, F p is the waste sludge. F p can be estimated by summing the observed sludge production and mass lost by endogenous decay. Endogenous decay can be estimated assuming a VSS decay coefficient of 0.05 to 0.06 per day times the mass of MLVSS. The observed sludge production can be predicted by the yield concept by developing a linear relationship between the observed sludge production and an influent parameter like cBOD 5 . When possible, an estimate of the sludge production should be made using the weight of sludge hauled from the facility. This should be more accurate than an estimate based on measurements of the RAS concentration and flow rate.
An SRT control system is another option to provide better process optimization. A PLC is used to control the waste activated sludge pumps based on TSS probe measurements in both the 
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Hourly Concentration Daily Average Concentration aeration tank and the return activated sludge. There are several unquantifiable benefits to installing a SRT control system. These include the ability to produce a more consistent effluent quality leading to fewer permit violations. SRT control can also help to reduce power and chemical costs associated with having a variable SRT. In addition, lower SRTs can help to control the proliferation of some filaments and GAOs.
Dissolved Oxygen Control
DO concentration control in the aeration tanks is important for achieving adequate removal of both nitrogen and phosphorus in the biological process. Work done by Carollo Engineers in Clark County Nevada (Drury et. al., 2005) demonstrated that providing a DO concentration above 2.0 mg/L in the first zone of the aeration tank resulted in better performance of enhanced biological phosphorus removal processes.
Providing elevated DO concentrations in one section of an oxidation ditch, however, can be difficult as a ditch typically performs as a complete-mix reactor with nearly uniform DO concentrations throughout the non-aerated stretches of the ditch. In addition, the configuration of oxidation ditches is conducive to obtaining SNDN in the aeration tanks. Some facilities in Central Florida have been able to use SNDN to help achieve consistently low effluent TN concentrations. Under some conditions, SNDN can also reduce the overall carbon requirement for denitrification. Obtaining significant SNDN requires maintenance of a consistently low DO concentration throughout portions of the reactor. Although this can be done manually, automatic DO control systems provide the ability to fine-tune the process and other associated benefits. This also assists in maintaining low DO concentrations in the mixed liquor recycle to the first anoxic tanks. This is important for optimizing nitrogen removal performance.
An example estimate of the diurnal variations in aeration power requirements are shown in Figure 2 along with a typical aerator or blower power setting. As shown, a power savings could be obtained by using a DO control system to reduce the air input to the system during lower demand periods.
Figure 2 Diurnal Aeration Power Requirements
In addition to the power savings associated with a DO control system, operating the aerobic zone at lower DO concentrations can help to maximize the SNDN that occurs in the aeration basin. Oxidation ditches with surface aerators tend to create favorable conditions for SNDN. SNDN can reduce effluent nitrogen concentrations, oxygen demand for nitrification, and carbon requirements for denitrification. The downside to a low DO system is the risk of forming a bulking sludge
Carbon Requirements
Successful BNR operations require the presence of adequate types and concentrations of carbon relative to the TN and TP to be removed. Typical influent cBOD 5 to TKN and TP ratios required for BNR that have been published in various sources are summarized in Table 1 . Human wastes have been reported to have a carbon to nitrogen ratio between 6 and 10 with feces having a ratio of 10 and urine a ratio of 0.8 (Obeng and Wright, 1987) , and thus naturally have adequate carbon to nutrient ratios for BNR. One study, however, estimated the carbon to nitrogen and carbon to phosphorus ratios for combined household wastewater to be 3.3 and 20.5 without garbage grinders and 4.6 and 29.4 with garbage grinders (Fissore, 2011) . Including the dewatering process recycle streams in the calculation, the anaerobic zone cBOD 5 : TP and cBOD 5 : TN ratios could be lower than calculated from the influent concentrations alone. As a result, many municipal wastewaters lack adequate carbon to meet low TN and TP limits. Several methods exist for providing supplemental carbon including: The preferred carbon source depends on many factors including the BNR process configuration, chemical cost and availability, and the nutrient removal process (EBPR or denitrification). Ethanol, methanol, glycerin, whey, or molasses would need to be fermented to VFAs before they would be available to PAOs. However, these chemicals can be used directly by ordinary heterotrophic bacteria for denitrification.
In plants with primary clarifiers, VFAs can be produced by operating the primary clarifier as a fermenter or by fermenting the primary sludge. In the absence of primary clarifiers, the influent wastewater can be fermented with an inline fermentation tank. An ad-hoc, inline fermentation zone can be created in the anaerobic tank by turning off one mixer for all but 5 to 10 minutes per day. This allows a mixture of MLSS and influent solids to settle to the bottom of the zone and begin to undergo acidogenesis. Another method of adding the necessary VFAs is through fermentation of the MLSS or RAS in a dedicated fermentation tank. Fermentation of raw wastewater is preferred over fermentation of MLSS or RAS because more of the biodegradable COD (bCOD) can be converted to VFAs. VFAs formed by conversion of COD in the influent wastewater, RAS, or an external readily degradable carbon source like fats, oils, and grease could allow for a reduction or elimination of supplemental carbon addition.
PAO Competition
GAOs that compete with the PAOs for the readily degradable carbon, but do not accumulate excess phosphorus within their cells, can effect biological phosphorus removal. Conditions that favor the accumulation of GAOs are summarized in Table 2 . However, since the state-ofknowledge on the competition between PAOs and GAOs is still evolving, conclusions cannot be made based on these indicators alone. However, a microscopic evaluation of the mixed liquor can show if GAOs are present. 
Side Stream Management
Management of sludge holding tanks and digesters is important for reducing ammonia and phosphorus release that is recycled back to the biological process. Solids handling tanks should be emptied regularly to prevent long holding times that lead to ammonia and phosphorus release. Management of the aeration in the solids handling tanks can also help to reduce phosphorus and ammonia release. Records should track the tons of sludge hauled offsite. This will allow for a better estimation of the solids production at the plant and better process control. An alternative to storing sludge is to pump WAS directly to the dewatering or thickening equipment.
Mixing
Mixers in the anaerobic and anoxic stages of biological treatment trains help to ensure good contact between the biomass and waste constituents. Without proper mixing, the biomass tends to settle toward the bottom of tanks and does not come into contact with the soluble carbon, nitrogen, and phosphorus compounds in the water. With inadequate mixing, there can be a measureable difference in mixed liquor suspended solids between the top and bottom of the tank. Improper mixing can also introduce additional DO into mixed zones above that normally transferred across the air-water interface. Both suspended solids gradients and added DO can reduce the efficiency of treatment processes requiring anaerobic or anoxic conditions. The goal in mixing is to provide adequate mixing to optimize performance while minimizing the power expended to provide that mixing. Short-circuiting or imbalances in the MLSS concentrations between different zones of a bioreactor can have a measurable effect on reliable performance.
In addition, visual observation of the liquid surface in the anaerobic and anoxic tanks can indicate the regular appearance and dissipation of surface vortices. Vortexing is undesirable as it introduces additional oxygen into the mixed tanks, thereby decreasing the amount of carbon available for denitrification. The formation of vortices can be minimized by proper mixing. The adequacy of the mixers can be evaluated by comparing typical design ratios with those for the mixers at a treatment plant and measuring solids profiles in the mixed tanks.
Selection of appropriate mixers requires input from equipment manufacturers. Before the development of computer simulations to predict velocities in mixed tanks, several standard dimensional ratios were used for the design of mixed reactors (Oldshue, 1983) . The recommended liquid depth to basin width ratio for optimizing power consumption and solids suspension is 0.6 to 0.7. Liquid coverage over the impeller, at a minimum, should be 0.5 to 2 times the impeller diameter. Finally, impeller height above the basin bottom should be no more than 1.3 times the impeller diameter.
Due to the geometry of the anaerobic and anoxic basins at most plants, computational fluid dynamics (CFD) analysis can be performed on the mixed basins to gather information to help decide whether replacing the mixers would significantly improve process performance. The CFD analysis should include the influence of solids on the flow regime.
Data Collection
Good data collection and analysis establishes a strong foundation by which to measure the expected performance of future upgrades. A strong foundation can help staff understand how the plant is performing, where capacity and operating costs can be optimized, and how to develop procedures to obtain and maintain performance for both compliance and budgetary considerations. To allow better tracking of the performance of the BNR process, additional data collection should include:  Phosphorus and nitrogen content of the waste sludge on a monthly basis,  Effluent ammonia nitrogen on daily composite samples,  Influent VSS, COD, and sCOD, and effluent sCOD,  Monthly process profiles, and daily when TN and TP concentrations exceed permit limits, until consistent performance is achieved, and  Conduct special sampling to compare the effect of the nitrification inhibitor on measurement of the cBOD 5 in the raw wastewater.
CASE STUDIES
Three case studies are presented for BNR facilities in Florida that were out of compliance with their permit limits for TN and TP. The case studies summarize the evaluations that were performed and strategies chosen for remedying individual challenges in meeting permit requirements and reducing chemical expenses. Alternative approaches to improving process performance to provide consistent nutrient removal were identified and prioritized.
Case Study 1
The first case study presents a utility that was under a consent order for regular violation of the effluent TN and TP permit limits. Influent nitrogen concentrations and mass loads were trending upwards over the past several years while the influent cBOD 5 and TP concentrations remained relatively flat. During this period, the influent TKN loads had increased approximately 26 percent while cBOD 5 and TP loads have remained fairly constant. As a result, the annual average cBOD 5 : TKN ratio dropped to 3.13 from 4.09. To aid the denitrification process at the plant, a decision was made to add supplemental carbon in the form of glycerol.
The oxygen demand on a daily basis was estimated from the influent cBOD 5 and TKN. In addition, the oxygen supplied was calculated based on the high/low speed settings on the surface aerators assuming a field oxygen transfer rate (FOTR) of 2.2 lb O 2 /hp-hr. The estimated oxygen supply and diurnal variations in oxygen demand are plotted in Figure 3 along with the demand at design flows and loads. As shown, the oxygen supplied is marginally able to meet the current demand. At design flows, the data suggests that oxygen transfer is not adequate. During low flow conditions, late night and early morning, the data suggests that the existing aeration system is supplying more oxygen than is required. 
Case Study 2
The second case study concerns a utility that was under a consent order for regular violation of effluent TN and TP permit limits. Visual observation of the mixed liquor in both the anaerobic and first anoxic tanks suggested the mixing in these tanks was not adequate for providing solids suspension. Suspended solids measurements were taken in each tank at various depths with a portable suspended solids probe to determine if there was a measurable difference in the solids concentration between the top and bottom of the tanks. The probe reached bottom at a depth of 10 ft even though the tank has a side water depth of 21.7 ft. This suggests large amounts of grit have accumulated in the anaerobic tank. The solids profile in the first anoxic tank was also measured upon arrival at the facility. After taking the measurements, the mixer in the first anoxic tank was reversed momentarily and restarted. There was not a significant difference in the solids measurements at various depths. However, visual observation also showed improved mixing from the surface after reversal and restarting of the mixer. This suggests that rags are accumulating on the impeller and causing poor mixing in the tank. Both the anaerobic and first anoxic zones would benefit from improved screening, grit removal, and replacing the existing impellers on the mixers with a ragless impeller design.
The second anoxic zone has submersed mixers. Visual observation of the second anoxic tanks indicates that the mixers are insufficient for providing adequate mixing in the second anoxic zone. Outside of the immediate vicinity of mixer, significant settling is observed. Toward the end of the second anoxic zone, a significant scum layer has collected on the surface, indicating very poor mixing in this section. These mixers should be replaced with a more traditional, vertical platform mixer design with ragless style impellers or hyperboloid type mixers. The utility is in the process of replacing these mixers.
Case Study 3
The third case study presents a utility that was under a consent order for regular violation of the effluent TN permit limits. Returning RAS to the headworks and the inability to provide an equal split of RAS and raw influent to the four treatment trains was identified as the major issue that was contributing to the permit violations.
During a site visit, four of six clarifiers exhibited evidence of excessive leakage between the clarifier influent well and the sludge collection box. A close look revealed an improper installation of the seal between the sludge collector box, which rotates with the sludge collector mechanism, and the influent column, which is stationary. These four clarifiers were installed during the most recent expansion. This seal should have been installed on the underside of the sludge collection box where the differential water pressure from the clarifier water surface to the water surface in the sludge collection box will push the neoprene seal against a seating ring fixed to the influent column. Instead, the neoprene seal had been attached to the inside (topside) of the sludge collection box with no ability to seat against the seating ring, allowing the differential water pressure to push the seal open. This arrangement of the seal results in influent mixed liquor short circuiting the clarifier and entering from the influent well directly into the sludge collection box without the benefit of solids separation and sludge concentration in the clarifier. The seals abraded slowly over a period of years, so the effects were masked by increasing RAS rates. This operational approach became inadequate. Without concentration of the sludge in the secondary clarifiers, it was not possible to maintain appropriate mixed liquor solids concentrations in the oxidation ditches.
In addition to the difficulty in returning RAS to the headworks, all RAS from all secondary clarifiers enters the distribution channel at the far north end of the channel in the headworks where it mixes with the raw sewage. Weir gates controlling flow to Oxidation Ditches 3 and 4 are located along the north side of the distribution channel, whereas weir gates for Oxidation Ditches 3 and 4 are located along the south side of the distribution channel. This configuration results in inadequate mixing of the RAS with the raw sewage in the channel and produces a higher proportion of RAS in the RAS-raw sewage blend going to Oxidation Ditches 3 and 4 than to Oxidation Ditches 1 and 2.
An additional complication is that each weir gate in the distribution channel is of the same size, whereas Oxidation Ditches 1 and 2 are smaller in size and capacity than Oxidation Ditches 3 and 4, but otherwise operated the same. This means that an appropriate flow split can now only be achieved by adjusting the weir height for Oxidation Ditches 1 and 2 upward to reduce the flow to them in proportion to their relative capacity to Oxidation Ditches 3 and 4. This is an "eyeball" procedure, which produces a different flow split proportion at different plant flow rates. Thus, an accurate flow split proportionate to each of the oxidation ditch capacities is difficult to achieve. Corrections of these issues are currently underway.
SUMMARY
Consistently meeting low nutrient permit limits presents several operational challenges. Optimizing removal of TN and TP requires an understanding of where these compounds originate, their concentrations, the processes designed to reduce them, and the interaction of components within the process and treatment facility. The engineered processes that reduce total nitrogen and phosphorus are similar and typically occur within the same reactors. Steps that can achieve success for one type of reduction can counteract the success of the other. Having an awareness of the influences and understanding how to apply them to daily facility operations is essential for success.
Some of the common operating challenges identified in BNR facilities include SRT control, DO control, carbon deficiencies, PAO competition, side stream management, delayed maintenance, and data collection of parameters for monitoring and control. Evaluation strategies include review of the historical performance of the facility, status of the operating systems including mixing, aeration, mixed liquor recycle, and return sludge, and the operating protocols. Simple checks include mass balances, nutrient profiles, carbon to nutrient ratios, and sampling procedures.
The three case studies were presented for BNR facilities in Florida that were out of compliance with their permit limits for TN and TP. The case studies summarize the evaluations that were performed and strategies chosen for remedying individual challenges in meeting permit requirements. Alternative approaches to improving process performance to provide consistent nitrogen and phosphorus removal were identified and prioritized.
